In the present study, a series of planar poly(p-phenylene) (PPP) oligomers with n phenyl rings (n = 1−20), designated as n-PP, are taken as finite-size models of the narrowest armchair graphene nanoribbons with hydrogen passivation. The singlet-triplet energy gap, vertical ionization potential, vertical electron affinity, fundamental gap, optical gap, and exciton binding energy of n-PP are calculated using Kohn-Sham density functional theory and time-dependent density functional theory with various exchange-correlation density functionals. The ground state of n-PP is shown to be singlet for all the chain lengths studied. In contrast to the lowest singlet state (i.e., the ground state), the lowest triplet state and the ground states of the cation and anion of n-PP are found to exhibit some multi-reference character. Overall, the electronic and optical properties of n-PP obtained from the ωB97 and ωB97X functionals are in excellent agreement with the available experimental data. † These authors contributed equally to this work.
I. INTRODUCTION
In recent years, graphene, a single layer of carbon atoms tightly packed into a honeycomb lattice, has received considerable attention due to its remarkable properties and technological applications [1] [2] [3] [4] [5] [6] [7] [8] [9] . Graphene exhibits high carrier mobility and long spin diffusion length, giving promises for graphene-based electronics and spintronics. However, as graphene has a vanishing band gap, it cannot be directly adopted for transistor applications. Accordingly,
developing methods to open a band gap in graphene is necessary for its practical applications.
To generate a nonvanishing and tunable band gap in graphene, the charge carriers can be confined to quasi-one-dimensional systems, such as graphene nanoribbons (GNRs), long and narrow graphene strips. Consequently, several experimental techniques have been developed for synthesizing GNRs [10] [11] [12] [13] . Because of their fascinating electronic, optical, and magnetic properties, GNRs have recently gained increasing interests . However, the electronic and optical properties of GNRs can be very sensitive to their width, length, edge shape (zigzag, armchair, or chiral), and edge termination. To properly design GNR-based nanodevices, a thorough understanding of the related parameters governing the electronic and optical properties of GNRs is of fundamental and practical significance.
While there has been a growing interest in GNRs, the study of the electronic and optical properties of long-chain GNRs remains very challenging. From the experimental perspectives, the difficulties in the synthesis of long-chain GNRs and their instability following isolation have been attributed to their radical character. Accordingly, there have been very few reported experimental data for the properties of long-chain GNRs. From the theoretical perspectives, as GNRs belong to π-conjugated systems, they may exhibit multi-reference character in certain circumstances, where conventional single-reference methods may be inadequate. For instance, zigzag GNRs (ZGNRs), which are GNRs with zigzag shaped edges on both sides, have been extensively studied, and long-chain ZGNRs have been found to exhibit polyradical character in their ground states, where the active orbitals are mainly localized at the zigzag edges [26, 29, [35] [36] [37] [38] [42] [43] [44] .
In contrast to ZGNRs, armchair GNRs (AGNRs), which are GNRs with armchair shaped edges on both sides, are expected to possess relatively large fundamental gaps. However, the properties of long-chain AGNRs have not been extensively studied, relative to those of long-chain ZGNRs. We believe that a comprehensive understanding of the properties of AGNRs is also essential for the optimal design of GNR-based nanodevices. For a theoretical study of the electronic and optical properties of AGNRs, density functional methods, such as Kohn-Sham density functional theory (KS-DFT) [46, 47] (for ground-state properties) and time-dependent density functional theory (TDDFT) [48] (for excited-state properties), are ideal, due to their computational efficiency and reasonable accuracy for large systems [49] [50] [51] [52] .
Therefore, in this work, we adopt KS-DFT and TDDFT with various exchange-correlation (XC) density functionals to study the electronic and optical properties of the narrowest AGNRs (NAGNRs) with different lengths. The rest of this paper is organized as follows.
In Section II, we describe our model systems and computational details. The calculated electronic and optical properties are compared with the available experimental data and those obtained from high-level ab initio methods in Section III. Our conclusions are presented in Section IV.
II. MODEL SYSTEMS AND COMPUTATIONAL DETAILS
As illustrated in Figure 1 , we adopt a series of planar poly(p-phenylene) (PPP) oligomers with n phenyl rings, designated as n-PP, as finite-size models of the NAGNRs with hydrogen passivation. Note that the number of electrons in n-PP (C 6n H 4n+2 ) is 40n + 2, which rapidly increases with the increase of n. Therefore, efficient methods, such as KS-DFT and TDDFT, are highly desirable for the study of long-chain n-PP.
For the KS-DFT and TDDFT calculations, we adopt seven XC density functionals, which can be categorized into three different types of density functionals, such as semilocal functionals [53] , global hybrid functionals [54] , and long-range corrected (LC) hybrid functionals [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] :
• semilocal functionals: LDA [66, 67] , PBE [68] , and BLYP [69, 70] • global hybrid functionals: PBE0 [71] and B3LYP [72, 73] • LC hybrid functionals: ωB97 [60] and ωB97X [60] for the study of various electronic and optical properties of n-PP (up to n = 20), involving
• singlet-triplet energy gap
• vertical ionization potential
• vertical electron affinity
• exciton binding energy Note that ωB97 and ωB97X have been recently shown to provide excellent performance for a wide range of applications, especially for those closely related to frontier orbital energies [74, 75] .
To estimate the electronic and optical properties of n-PP at the polymer limit (n → ∞), a fitting function of the form (a + b/n) is adopted for the extrapolation of the calculated and experimental data. Note that this fitting function has been previously adopted to estimate the vertical ionization potential and optical gap of PPP [76, 77] .
In addition, the expectation value of the total spin-squared operator Ŝ 2 is adopted as a measure of the degree of spin contamination in KS-DFT. For a system with strong multireference character, the value of Ŝ 2 obtained from KS-DFT with conventional (semilocal, global hybrid, and LC hybrid) density functionals can be significantly different (e.g., more than 10% difference) [78] from the exact value S(S + 1), where S can be 0 (singlet), 1/2 (doublet), 1 (triplet), 3/2 (quartet), and so on. For such a system, KS-DFT employing conventional density functionals can yield unreliable results. To properly describe strong static correlation in such a system, it may be essential to adopt multi-reference methods [26, 36, 38, 43] for small-sized systems or thermally-assisted-occupation density functional theory (TAO-DFT) [35, 42, 44] for medium-to large-sized systems.
All calculations are performed with a development version of Q-Chem 4.0 [79] . Results are computed using the 6-31G(d) basis set with the fine grid EML (75, 302) , consisting of 75
Euler-Maclaurin radial grid points [80] and 302 Lebedev angular grid points [81] .
As there may be more than one way of calculating the electronic and optical properties using KS-DFT and TDDFT, respectively, we briefly describe how these properties are computed as follows.
A. Singlet-Triplet Energy Gap
The singlet-triplet energy gap (E ST ) of a neutral molecule is defined as
the energy difference between the lowest triplet (T) and singlet (S) states, calculated at the respective optimized geometries.
B. Vertical Ionization Potential
The vertical ionization potential (IP) of a neutral molecule is defined as
the energy difference between the cationic and neutral states, calculated at the ground-state geometry of the neutral molecule.
For the exact KS-DFT, the vertical IP of a neutral molecule is identical to the minus HOMO (highest occupied molecular orbital) energy of the neutral molecule [82] [83] [84] [85] [86] [87] ,
Accordingly, IP(2) is identical to IP(1) for the exact KS-DFT. For KS-DFT employing approximate XC density functionals, the calculated IP(1) and IP(2) values may differ, reflecting the accuracy of the calculated total energies and HOMO energies, respectively.
C. Vertical Electron Affinity
The vertical electron affinity (EA) of a neutral molecule is defined as
the energy difference between the neutral and anionic states, calculated at the ground-state geometry of the neutral molecule.
By comparing Eq. (2) with Eq. (4), the vertical EA of a neutral molecule is identical to the vertical IP of the anion, which is, for the exact KS-DFT, the minus HOMO energy of the anion, calculated at the ground-state geometry of the neutral molecule,
In addition, the vertical EA of a neutral molecule is conventionally approximated by the minus LUMO (lowest unoccupied molecular orbital) energy of the neutral molecule,
However, even for the exact KS-DFT, there is a distinct difference between EA(3) and EA (2), due to the derivative discontinuity (∆ xc ) of the XC density functional [83, [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] : EA(3) − EA(2) = HOMO (anion) − LUMO (neutral) = ∆ xc . Global and LC hybrid functionals, which belong to the generalized Kohn-Sham (GKS) method [98] (not pure KS-DFT), effectively incorporate a fraction of ∆ xc of the XC density functional in KS-DFT. A recent study has shown that the difference between HOMO (anion) and LUMO (neutral) is small for LC hybrid functionals [99] . Hence, for LC hybrid functionals, EA(3) should be close to EA(2), the true vertical EA.
D. Fundamental Gap
The fundamental gap (E g ) of a neutral molecule is defined as E g = IP−EA, the difference between the vertical IP and EA of the neutral molecule. Since there are various ways of computing the vertical IP and EA in KS-DFT, we adopt the following three ways of calculating E g :
Note that E g (3) is the HOMO-LUMO gap in KS-DFT or the Kohn-Sham (KS) gap. For the exact KS-DFT, while both E g (1) and E g (2) yield the exact fundamental gap, there is a distinct difference between E g (2) and E g (3), due to the ∆ xc of the XC density functional:
However, for LC hybrid functionals, as EA (3) is expected to be close to EA(2), E g (3) should be close to E g (2), the true fundamental gap [99] .
E. Optical Gap
The optical gap (E opt ) of a neutral molecule is defined as
the energy difference between the lowest dipole-allowed excited state and the ground state, calculated at the ground-state geometry of the neutral molecule. Since E opt is an excitedstate property, it cannot be directly obtained with KS-DFT. For consistency with the groundstate calculations, TDDFT (with the same density functionals for the ground-state calculations) is adopted to compute E opt .
F. Exciton Binding Energy
The exciton binding energy (E b ) of a neutral molecule is defined as E b = E g − E opt , the difference between the fundamental and optical gaps. A system with small E b often possesses high charge separation efficiency, and hence is favorable for photovoltaic applications, while the opposite may be desirable for light-emitting devices. Therefore, it is important to study the E b values of n-PPs for understanding their potential applications. In this work, we adopt the following three ways of calculating E b :
For the exact KS-DFT and TDDFT, E b (1) and E b (2) yield the exact exciton binding energy, while E b (3) deviates from the exact exciton binding energy by an amount of ∆ xc . For LC hybrid functionals, as E g (3) should be close to E g (2), E b (3) is expected to be close to E b (2), the true exciton binding energy [75] . Figure 2 shows the singlet-triplet energy gap (E ST ) of n-PP as a function of the chain length, calculated using KS-DFT with various XC density functionals [100] . The results are compared with the available experimental E ST data [101] [102] [103] . Overall, the calculated E ST curves decrease with increasing chain length, showing consistency with the experimental data. The ground state of n-PP remains singlet for all the chain lengths studied.
III. RESULTS AND DISCUSSION
Based on the calculated values of Ŝ 2 [100] , the lowest singlet state (i.e., the ground state) of n-PP exhibits single-reference character (i.e., has no spin contamination and Ŝ 2 = 0.0000), while the lowest triplet state of n-PP possesses some multi-reference character (i.e., Ŝ 2 > 2.0), where the degree of spin contamination increases with the fraction of HartreeFock (HF) exchange adopted in a density functional [99, [104] [105] [106] [107] [108] . For ωB97 and ωB97X, the lowest triplet state of long-chain n-PP is slightly spin contaminated, partially degrading the accuracy of ωB97 and ωB97X for E ST . Besides, the unphysical oscillations in the E ST curves obtained from ωB97 and ωB97X are found to be closely related to the degree of spin contamination [100] .
The E ST value of n-PP at the polymer limit (n → ∞) is shown in and LC hybrid functionals (ωB97 and ωB97X).
One may wonder why the narrowest AGNRs, i.e., n-PPs, possess relatively stable singlet ground states (i.e., with non-radical character), when compared to the narrowest ZGNRs, i.e., n-acenes (acenes containing n linearly fused benzene rings), which have been shown to possess much less stable singlet ground states (i.e., with much smaller E ST values), and exhibit increasing polyradical character with increasing chain length [26, 29, [35] [36] [37] [38] [42] [43] [44] .
We expect that the geometrical arrangements of the aromatic rings in n-PP and n-acene should be responsible for the stability of these molecules [32] . For n ≥ 3, n-PP and n-acene are polycyclic aromatic hydrocarbons (PAHs), molecules containing three or more aromatic rings made of carbon and hydrogen atoms only. Based on Clar's rule, the Kekulé structure with the largest number of disjoint aromatic sextets is the most important structure for the stability of PAHs [109] . As illustrated in Figure 3 , the aromatic rings of n-PP are connected with each other by a single carbon-carbon bond, isolating each aromatic ring as if n-PP is just the combination of isolated benzenes. Therefore, there are n aromatic sextets in the Kekulé structure of n-PP. By contrast, there is only one aromatic sextet in the Kekulé structure of n-acene. Therefore, for a given number of aromatic rings n (≥ 3), n-PP is always more stable than n-acene. This suggests that the geometrical arrangement of the aromatic rings of PAHs should be responsible for the properties of PAHs. This argument is consistent with the results of other works [39-41].
At the ground-state geometry of n-PP, the vertical ionization potential (IP) [ Figure 4 ], vertical electron affinity (EA) [ Figure 5 ], fundamental gap (E g ) [ Figure 6 ], optical gap (E opt )
[ Figure 7 ], and exciton binding energy (E b ) [ Figure 8 ] of n-PP as a function of the chain length, are calculated using KS-DFT and TDDFT with various XC density functionals [100] .
As shown in Figure 4 character (where ωB97 and ωB97X are expected to perform reasonably well [74, 75] ), ωB97
and ωB97X yield the extremely accurate IP(2) values. As shown in Table I , the IP (2) value of n-PP at the polymer limit is 7.29 eV for ωB97 and 7.12 eV for ωB97X, which are in excellent agreement with the extrapolated experimental IP value (7.33 eV). (2) and EA (2) values, they accurately predict E g (2) . By contrast, the semilocal functionals and global hybrid functionals severely underestimate both the E g (1) and E g (2) values. For the E g (3) values [ Figure 6 (c)], ωB97 and ωB97X slightly overestimate E g (3), whereas the other functionals significantly underestimate E g (3). From Table I , the E g (1)
value of n-PP at the polymer limit is 6.51 eV for ωB97 and 6.36 eV for ωB97X, and the E g (2) value of n-PP at the polymer limit is 6.33 eV for ωB97 and 6.22 eV for ωB97X, which are in excellent agreement with the extrapolated experimental E g value (6.24 eV). According to the calculated and extrapolated E g values, the E g (1) and E g (2) values calculated using ωB97 and ωB97X are reliably accurate.
The optical gap (E opt ) of n-PP is found to be the singlet-singlet (S 0 → S 1 ) gap for each case studied. As shown in Figure 7 , the E opt values calculated using ωB97 and ωB97X
are in excellent agreement with the experimental data [77, 114] and those obtained with the highly accurate SAC-CI (symmetry-adapted-cluster configuration-interaction) method [77] . Relative to the experimental data, ωB97 and ωB97X perform slightly better than the SAC-CI method. The other functionals severely underestimate the E opt value of long-chain n-PP. From Table I , the E opt value of n-PP at the polymer limit is 3.52 eV for ωB97 and 3.44 eV for ωB97X, which are in excellent agreement with the extrapolated experimental E opt value (3.57 eV) and the extrapolated SAC-CI value (3.26 eV). Based on the calculated and extrapolated E opt values, the E opt values calculated using ωB97 and ωB97X are reliably accurate.
As shown in Figure 8 (a) and Figure 8(b) , the E b (1) and E b (2) values calculated using ωB97 and ωB97X decrease monotonically with the increase of n, and quickly approach some constants at about n = 5. By contrast, the E b (1) and E b (2) values calculated using the other functionals decrease more slowly, and approach some constants at the larger values of n. Table I , the E b (1) value of n-PP at the polymer limit is 2.98 eV for ωB97 and 2.91 eV for ωB97X, and the E b (2) value of n-PP at the polymer limit is 2.80 eV for ωB97 and 2.77 eV for ωB97X, which are in excellent agreement with the extrapolated experimental E b value (2.63 eV). From the calculated and extrapolated E b values, the E b (1) and E b (2) values obtained from ωB97 and ωB97X are reliably accurate.
IV. CONCLUSIONS
In conclusion, we have studied the electronic and optical properties (i.e., the singlet- , and E g (3) are calculated using Eqs. (7), (8) , and (9), respectively. For comparison, the experimental data: Expt1
(vertical IP − vertical EA) [76, 110, 111] and Expt2 (vertical IP − adiabatic EA) [76, 112, 113] , are taken from the literature.
FIG. 7.
Optical gap (E opt ) for the lowest singlet state of n-PP as a function of the chain length, calculated using TDDFT with various density functionals. Here E opt is calculated using Eq. (10).
For comparison, the experimental data [77, 114] and SAC-CI data [77] are taken from the literature. of n-PP at the polymer limit (n → ∞). The extrapolated values are obtained by nonlinear least-squares fittings of the corresponding properties of 1-to 20-PP, calculated using KS-DFT and TDDFT with various density functionals, where a fitting function of the form (a + b/n) is adopted. For the extrapolated experimental values, only those with more than two data points are calculated (using the same fitting function) [100] . For each extrapolated value, the coefficient of determination R 2 , which is a statistical measure of the goodness-of-fit (R 2 = 1 for a perfect fit), is given in parenthesis. For E opt , the extrapolated SAC-CI value is 3.26 eV (R 2 = 0.9757) [77] . 
